Iron selenide superconductors exhibit a number of unique characteristics that are helpful for understanding the mechanism of superconductivity in high-T c iron-based superconductors more generally. However, in the case of A x Fe 2 Se 2 (A = K, Rb, Cs), the presence of an intergrown antiferromagnetic insulating phase makes the study of the underlying physics problematic. Moreover, FeSe-based systems intercalated with alkali metal ions, NH 3 molecules or organic molecules are extremely sensitive to air, which prevents the further investigation of their physical properties. It is therefore desirable to find a stable and easily accessible FeSe-based superconductor to study its physical properties in detail. Here, we report the synthesis of an air-stable material, (Li 0.8 Fe 0.2 )OHFeSe, which remains superconducting at temperatures up to ∼40 K, by means of a novel hydrothermal method. The crystal structure is unambiguously determined by a combination of X-ray and neutron powder di raction and nuclear magnetic resonance. Moreover, antiferromagnetic order is shown to coexist with superconductivity. This synthetic route opens a path for exploring superconductivity in other related systems, and confirms the appeal of iron selenides as a platform for understanding superconductivity in iron pnictides more broadly.
T etragonal β-Fe 1+δ Se (0.01 < δ < 0.04) exhibits superconductivity at ∼8.5 K when δ = 0.01, which differs from canonical iron-based superconductors in which superconductivity arises when they closely approach the chemical stoichiometry 1, 2 . Moreover, different from LnFeAsO (Ln = La, Sm; refs 3,4) or BaFe 2 As 2 (refs 5,6) , which need chemical substitution to drive the system from the antiferromagnetic state into the superconducting state, the undoped FeSe already exhibits superconductivity instead of any magnetic ordering 1,2 and the superconducting transition temperature (T c ) could be greatly improved from 8.5 K to 37 K with a hydrostatic pressure of 7 GPa (refs 7,8) . Furthermore, the T c in the one-unit-cell FeSe thin film on a SrTiO 3 substrate can be even higher, reaching as much as ∼65 K (refs [9] [10] [11] [12] and greatly exceeding the bulk T c of all known iron-based superconductors. On the other hand, the low-energy electronic structure of the heavily electron-doped A x Fe 2 Se 2 (A = K, Rb, Cs) demonstrates that interband scattering or Fermi surface nesting is not a necessary ingredient for the unconventional superconductivity in iron-based superconductors 13, 14 , which is believed to be important in understanding the mechanism of superconductivity in FeAsbased superconductors. All the cases mentioned above suggest that FeSe-derived superconductors are good systems to investigate the mechanism of high-T c superconductivity in the iron-based superconductors. In iron selenides, alkali metal ions and small molecules could be intercalated into two adjacent FeSe layers to enhance the superconductivity of the FeSe layers, including A x Fe 2−y Se 2 (A = K, Rb, Cs, and so on) [15] [16] [17] [18] [19] [22] [23] [24] . The intergrowth of the superconducting phase and the insulating 245 phase makes it difficult to investigate the underlying physics in this system. Moreover, for the compounds with intercalation of alkali ions and small molecules between FeSe layers 15, 20 , the complexity of structure introduced by the spacer layer would further hinder the investigation of the mechanism of superconductivity. Furthermore, the extreme sensitivity to air of these superconductors also prevents a number of feasible physical property measurements on these materials. Therefore, it is crucial to develop suitable FeSederived superconductors for physical property measurements to reveal the underlying mechanism of superconductivity among this class of intriguing compounds. Herein, we report on the comprehensive determination of the crystal structure for a novel superconductor, (Li 0.8 Fe 0.2 )OHFeSe, with coexistence of superconductivity and antiferromagnetism.
The crystal structure of the sample in the present study has been determined by X-ray diffraction (XRD) of the powder compound. It adopts a structure with alternating layers of anti-PbO-type FeSe and anti-PbO-type LiFeO 2 . All Bragg peaks of the XRD pattern can be indexed by using a tetragonal structure with space group P4/nmm (No. 129), and the corresponding refinement process gives a very good R factors (for example, R wp = 0.0937, R p = 0.0656). The room-temperature lattice parameters obtained for the LiFeO 2 Fe 2 Se 2 model are 3.7926(1) Å for the a axis and 9.2845(1) Å for the c axis, respectively. The lattice parameters a and b are very close to that (3.7734(1) Å) of β-Fe 1.01 Se, whereas the c-axis is expanded by 68% compared to β-Fe 1.01 Se owing to the intercalation of the LiFeO 2 layer as a spacer layer between two adjacent FeSe layers 25 . However, the distance between O and Se (d O-Se = 3.6028(1) Å) is larger than the expected value, and XRD could not provide further information. To understand the unexpectedly large space between O and Se and the corresponding detailed structure between the above two anions, subsequent neutron powder diffraction (NPD) experiments were conducted with Ge311 (λ = 2.0775 Å) and Cu311 (λ = 1.5401 Å) monochromators using the BT-1 powder diffractometer at the NIST Center for Neutron Research. Data were collected in the 2θ ranges 1.3-166.3
• (Ge311) and 3-168
• (Cu311) with a step size of 0.05 . Also the relatively large background of the NPD pattern indicates large incoherent scattering from the possible H in the sample. Therefore, H was considered in the new structural model, with its position suggested by Fourier difference analysis, whereas H cannot be detected using the XRD method. However, analysis using NPD data indicates that no atoms are present at the 2a site, which should be occupied by Li/Fe on the basis of the XRD data.
The main question in discerning the difference between the structure models proposed by XRD and NPD is whether Li and H atoms exist in the same crystal structure or not. Therefore, we performed a site-selected nuclear magnetic resonance (NMR) experiment on the same samples, as NMR experiments can detect both Li and H elements, making them very suitable to solve this issue. In this case, we used 7 Li or 1 H NMR to determine which nucleus is contained in the structure. Surprisingly, both 7 Li and 1 H signals were observed and show a similar multi-peak feature at low temperature in our samples, as shown in Fig. 2 . The special multi-peak structure in the NMR spectra arises from the lowtemperature magnetic ordering phase, as will be confirmed by susceptibility and specific heat measurements later on. Considering the asymmetric intensity distribution around zero Knight shift, the above multi-peak structure is attributed to a ferromagnetic component along the external field direction in the (Li 0.8 Fe 0.2 )OH layer. As the temperature increases, both 7 Li and 1 H spectra become narrow and the multi-peak feature in the spectra disappears. On the other hand, temperature-dependent spin-spin relaxation (T 2 ) for both nuclei also shows a similar divergent behaviour with decreasing temperature, consistent with a magnetic phase transition. If the 7 Li and 1 H signals are from different crystal structures and not in the same crystal structure, different behaviours are expected for them. Therefore, the NMR result definitely proves that both Li and H should be contained in the same structure.
Based on the fact of having both Li and H in the same crystal structure from NMR measurements and random occupation of Li/Fe at 2a sites, we can understand the distinct structure models proposed by XRD and NPD. The scattering factor of the lightest H element is too small to be detected by XRD. In addition, the total neutron scattering from the 2a site could be zero when the refined fraction of Li and Fe on that site is 0.81 (1) (Fig. 1b) , the NPD patterns in the temperature range from 2.5 K to 295 K can be perfectly fitted with excellent goodness of fit factors (Supplementary Table 1 ). A plot of the observed and calculated intensities measured at 2.5 K using the Ge311 monochromator (λ = 2.0775 Å) is shown in Fig. 1c and the refined structure parameters are listed in Figure 3a shows the temperature dependence of the magnetic susceptibility χ with an external magnetic field of 10 Oe. The assynthesized sample shows a diamagnetic transition at approximately 40 K with a considerable shielding fraction of 60% at 2 K in the zero-field-cooling process, indicating bulk superconductivity. To identify the carrier type in (Li 0.8 Fe 0.2 )OHFeSe, the temperaturedependent Seebeck coefficient was measured, as shown in Fig. 3b . The Seebeck coefficient retains a negative value in the whole temperature range from 4.5 to 300 K, indicating that electrontype carriers dominate in (Li 0.8 Fe 0.2 )OHFeSe. The absolute value of thermoelectric power (|S|) is 6.27 µV K −1 at 300 K. It increases with decreasing temperature and reaches a maximum of 60 µV K −1 at ∼140 K. Such a dome-like behaviour has been observed in other iron-based superconductors, including LnFe 1−x Co x AsO (Ln = La and Sm) 26 , β-FeSe (ref. 27 ) and K x Fe 2−y Se 2 (ref. 28) . A rapid decrease in the absolute value of thermoelectric power takes place at 40 K, with the thermoelectric power finally reaching zero below T C in the superconducting state, consistent with the corresponding measurement of magnetic susceptibility.
The magnetic susceptibility (χ) as a function of temperature from 2 K to 300 K under an external field of 1 T for the assynthesized samples is shown in Fig. 4a . The superconducting signal seems to be completely suppressed under this field. The temperature-dependent magnetic susceptibility exhibits a Curie-Weiss behaviour above 10 K, while a sudden decrease occurs . Uiso is the isotropic displacement parameter. Owing to the total neutron scattering amplitude for the 2a site being close to zero, the temperature factor for this site was fixed at 0.8.
in the zero-field cooling (ZFC) curve around 8.5 K. The fieldcooling (FC) and ZFC magnetic susceptibilities also bifurcate at roughly the same temperature. It suggests a weak ferromagnetic component due to a canted antiferromagnetic order, as derived from NMR measurements. To confirm the magnetic transition, thermodynamic measurements were performed. Figure 4b shows the temperature-dependent specific heat under different magnetic fields. Specific heat begins to rise at approximately 8.5 K and shows a peak-like feature due to magnetic ordering, which is consistent with the transition temperature from the magnetic susceptibility. Such a peak-like feature is suppressed with increasing magnetic fields and becomes very obscure as the field increases up to 9 T. Suppression of the specific heat jump by a magnetic field suggests that the magnetic order should be antiferromagnetic. The NMR experiment also indicates that the canted antiferromagnetic order originates from the (Li 0.8 Fe 0.2 )OH layer and the antiferromagnetic could coexist with superconductivity. However, this antiferromagnetic order could not be observed in the NPD experiment because of the small magnetic moment. A high-quality single crystal is thus needed to reveal the magnetic ordering structure by neutron scattering measurements. It is the ferromagnetic component induced by the external magnetic field that creates an internal field to completely suppress the Meissner effect under 1 T, such that no diamagnetic signal is observed in the susceptibility, as shown in Fig. 4a .
We successfully synthesized a new FeSe-derived superconductor, (Li 0.8 Fe 0.2 )OHFeSe, with a T c of ∼40 K by a novel hydrothermal synthesis method. Using a combination of powder XRD and NPD and NMR, the structure of (Li 0.8 material, in accordance with the refined composition, which indicates a charge transfer from the (Li 0.8 Fe 0.2 )OH layer to the FeSe layer. Susceptibility, specific heat and NMR measurements indicate that a canted antiferromagnetic order occurs at ∼8.5 K, and coexists with superconductivity at ∼40 K. Different from other FeSe-derived superconductors, which are extremely sensitive to air, the (Li 0.8 Fe 0.2 )OHFeSe superconductor is air stable. The high-quality single crystal is expected to be very useful in studying the underlying physics of high-T c iron-based superconductors.
Methods
Sample synthesis. Polycrystalline (Li 0.8 Fe 0.2 )OHFeSe samples were prepared by the hydrothermal reaction method. 0.012-0.02 mol selenourea (Alfa Aesar, 99.97% purity), 0.0075 mol Fe powder (Aladdin Industrial, analytical reagent purity), and 12 g LiOH·H 2 O (Sinopharm Chemical Reagent, analytical reagent purity) were put into a Teflon-lined steel autoclave (50 ml) and mixed together with 10 ml de-ionized water. The Teflon-lined autoclave was then tightly sealed and heated at 160 • C for three to ten days. Shiny, lamellar polycrystalline samples were acquired from the reaction system, which were then washed repeatedly with de-ionized water and dried at room temperature.
Structure characterization and composition determination. XRD data were collected at room temperature using an X-ray diffractometer (SmartLab-9, Magnetic susceptibility and thermoelectric power. Magnetization measurements were carried out using a SQUID MPMS-XL5 (Quantum Design). The thermoelectric power was measured by means of a laboratory-made system using a differential method and Physical Property Measurement System (PPMS, Quantum Design) under 1 T, respectively.
NMR.
Standard NMR spin-echo techniques were applied with a commercial NMR spectrometer from Thamway. The external magnetic field was generated by a 12 T magnet from Oxford Instruments. Fine powder samples were used and packed in a quartz tube before being put into NMR coils made from copper or silver. The 27 Al NMR signal from 0.8 µm-thick aluminium foils (99.1% purity) was used to calibrate the external field. Both 7 Li and 1 H NMR spectra were obtained by sweeping the frequency at fixed magnetic field values and integrating the spin-echo signal for each frequency value. Spin-spin relaxation time (T 2 ) measurements were carried out at fixed frequency at all temperatures and the spin-echo decay was fitted by the exponential decay formula I (t) = I b + I 0 exp(−t/T 2 ).
